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CHAPTER 1
INTRODUCTION
1.1. Background
Any structures, over the course of their service life, will experience various loading
conditions and environmental effects. This will inevitably cause damage to the structure,
which requires maintenance and inspection to ensure its safety and performance throughout
its lifetime. Structural health monitoring (SHM) is a wide branch of study that is
responsible for improving the reliability and operational life of various structures. For the
past few decades, nondestructive damage detection techniques using in-situ
actuators/sensors have been widely used. These methods have the advantage of being able
to inspect the structures continuously.

1.2. Literature review
For solid bodies, wave propagation is a well-known phenomenon with an extensive
history (Lamb, 1917; Viktorov, 1967; Graff, 1975; Achenbach, 1984; Auld, 1990; Nayfeh,
1995; Rose, 2014). Elastic waves and their propagation have been used for many years to
study impact response problems and mechanical properties of various materials. The
understanding of the interaction between a wave and a defect in an isotropic structure leads
to the successful development of wave based approaches in SHM applications. These wave
based methods are very attractive for damage detection in structures because they are very
sensitive to small damage amounts and the location and approximate extent of damage can
be determined using less wave propagation information. Embedded smart actuators/sensors
have been used by conducting Lamb wave transmission and reception functions (pulseecho, pitch-catch, and phased array) to achieve in-situ nondestructive evaluation for
different structures (Giurgiutiu, 2007; Su and Ye, 2009). Acoustic Emission and Ultrasonic
1

inspection are the most widely used techniques in industrial applications. The first
technique is passive and does not require any external signal excitation; stress waves are
structure-born and produced internally by defects. The second approach requires highfrequency external excitation. The maturity and proven damage detection applications are
the major advantages of these techniques. The Acousto-Ultrasonic (AU) approach
combines elements of Acoustic Emission and Ultrasonic inspection. Worlton (Worlton,
1957) is commonly cited as one of the first references to propose an acoustic ultrasonic
(AU) type approach for damage detection in structures. Rose has presented a literature
review of the most salient work with regard to AU research (Rose, 2002). Dalton et al.
conducted studies of Lamb wave propagation through aircraft structures and noted that
long range inspection is possible (Dalton, et al., 2001). Cawley and Alleyne discussed the
different Lamb modes present in thin plates and their applicability toward damage
detection (Cawley and Alleyne, 1996). It is mentioned that dispersion, the change in the
shape of the waveform as the wave propagates through the structure, is an important factor
in choosing a wave mode for AU damage detection. Wilcox et al. extends C
thoughts about factors critical for AU inspection of structures (Wilcox, et al. 2001).
Lead Zirconate Titanate (PZT) is a type of piezoelectric transducer that is
extensively used in Lamb wave studies (Lin and Yuan, 2001; Lemistre and Balageas, 2001;
Giurgiutiu, et al., 2003; Grondel, et al., 2002; Seth, et al., 2002; Ihn and Chang, 2004; Kim
and Sohn 2007; Ostachowicz, et al. 2009). PZT transducers are advantageous as they have
wide frequency responses, excellent mechanical strength, low power consumption and
acoustic impedance. Multiple PZT sensors were used to form the phased array design in
order to effectively conduct damage detection using guided Lamb wave responses in
structures. Phased array processing of sensor array signals have been used in acoustic and
2

antenna theory in order to improve signals arriving from a given direction (Ziomek, 1995).
The wavenumber and frequency of the wave produce known phase shifts between the
signals of each sensor, which are used for phased array processing. Such PZT phased array
has been used for damage detection in isotropic structures using a linear array of sensors
(Purekar and Pines, 2001; Purekar, et al., 2004; Purekar, 2006). The use of sensor arrays
as tools for damage detection in structures has shown wide applicability (Kress et al., 2003;
Sundararaman, et al., 2003; Giurgiutiu and Bao, 2004; Ostachowicz, et al., 2009; Yoo, et
al., 2011). It must be emphasized that advanced signal processing algorithms are required
in order to apply damage detection in such phased array systems.
Essentially, structural damage causes the unique wave scattering phenomena and
mode conversion, and quantitative evaluation of damage can be achieved by examining
wave signals (Su and Ye, 2009). Novel sensor concepts are needed to capture such wave
scattering and locate acoustic sources due to actuation and reflection from damage in order
to efficiently characterize structural damage existence, location and extent. A piezoelectric
rosette is an alternative solution to achieve such goals using Lamb wave propagation
responses.
Kawieki and Jesse first proposed a piezoelectric rosette concept, which is analogous
to strain gage rosettes for 2D strain measurement (Kawieki and Jesse, 2002). Four rosettes
were placed on each corner of a panel to detect the wave responses. Three piezoelectric
rectangular ceramic plates were used to form each rosette. Then, measured signals were
fed to a neural network model to improve frequency response functions in order to extract
damage related information. Matt and Scalea constructed a rosette using three macro-fiber
composite (MFC) piezoelectric patches (Smart Material Corp., Florida, USA) oriented 60
degrees to each other (a delta setup) in order to locate acoustic source in a plate structure
3

based on Lamb wave responses (Matt and Scalea, 2007). In this study, since piezoelectric
d31 effects were assumed, the MFC patch was modeled as an orthotropic lamina under
plane stress conditions, in which both longitudinal and transverse deformation must be
included. In order to achieve high directivity to sense Lamb waves, metal core piezoelectric
fiber (MPF) rosette concept was proposed by Liu, et al. (2010). The good directional
properties of MPF were explored to determine the direction of propagation of Lamb waves
by mounting three MPF sensors in a rosette configuration. The performance of the MPF
rosettes for acoustic source location was demonstrated in an aluminum plate. These MPFs
are specially designed and fabricated and are not available commercially. The MFC patch
consists of piezoelectric fibers sandwiched between layers of adhesive, electrodes, and
polyimide film in order to provide flexibility. The d31 effect of the fibers are employed in
the MFC patch. The d33 effect can be explored in each PZT fiber by introducing electrodes
at both ends.

1.3. Current research scope
In this thesis, a PZT fiber sensor rosette concept is formulated. This is done by
arranging three PZT fibers at 0, 45, 90 degrees, respectively, similar to that of a strain
gauge rosette. The goal is to explore the directivity of the fiber for Lamb wave sensing.
Lamb wave propagation responses were successfully captured by the PZT fiber rosettes.
Prototypes are fabricated and experimentally validated. An analysis of directivity of the
PZT fiber is conducted. Note that such PZT fibers are commercially available but are not
polarized. Therefore, the methods for preparing, polarization, testing of the PZT fibers, and
the prototyping process of the PZT fiber rosette are developed as part of the thesis.
Experimental Validation of the prototyped fiber is conducted using the fundamental anti4

symmetric mode (A0) (Matt and Scalea, 2007). The frequency of the generated wave was
varied from 25-95 kHz. A simple algorithm was employed to locate the acoustic source
using collected PZT fiber voltage signal responses (Matt and Scalea, 2007), in which the
principal strain direction was calculated in order to relate to the direction of Lamb wave
propagation. In the calculation of the acoustic source angle, a time domain and Fast Fourier
Transform (FFT) selection method was used to select data points from the instantaneous
response.
The thesis is organized as follows. Chapter 2 details the development of the
directivity model of the PZT fiber. The classical Lamb wave solution is reviewed and the
PZT fiber voltage is related to the Lamb wave solution. Finally, the directivity of fiber is
then determined. In Chapter 3, the preparation, polarization and testing procedures of PZT
fiber is presented. Further, the design and prototyping of the fiber rosette. The experimental
objectives and setup are detailed in Chapter 4. Chapter 5 documents the results obtained
from experimental tests. Chapter 6 includes concluding remarks and the proposed future
work.
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CHAPTER 2
PZT FIBER DIRECTIVITY STUDY
In this chapter, the PZT sensor model is discussed. First, the classical solution to
Lamb wave is reviewed. The strain solution is then applied to the PZT fiber model
interacting with Lamb wave assuming an infinite isotropic plate (Lamb, 1917; Viktorov,
1967). Then, the response of the fiber to different wave frequencies and its directivity are
evaluated. Finally, a simple algorithm is introduced to relate the direction of Lamb wave
propagation to the principal strain direction in order to locate acoustic source (Matt and
Scalea, 2007).

2.1. Review of the classical Lamb wave solution
2.1.1. Background
The concept of Lamb waves or plate waves was theorized by Horace Lamb in 1917.
Lamb waves are elastic waves that propagate in plate-like structures. A particle will
experience both longitudinal and transverse motion when a lamb wave passes through it
(Lamb, 1917). Lamb waves have very complex properties in dispersion, mode conversion,
slowness, directional dependence of wave speed, difference in the phase and group
velocities. Lamb waves are sensitive to small damages (i.e. cracks, nicks, cavities).

6

Figure 1. Symmetric (S0) and anti-symmetric (A0) Lamb waves (Wilberg, et al., 2015)

Lamb waves have two types, asymmetric and symmetric. Within these two types,
there exist an infinite number of modes in a plate. The topic of Lamb wave propagation
and its reaction to geometrical features and damage is complex and is still under active
research. In this section, governing equations and the displacement solution of a Lamb
wave propagating in an infinite plate is reviewed.

2.1.2. Governing equations

Figure 2. A schematic of the Lamb wave problem
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In a thin, isotropic and homogeneous plate, the Navier equation (1) in vector
notation is as follows:
2

u

u

u

(1)

Where:
and
propagating in,

u is the displacement vector,
is the density of the material.
The expressions of the displacements that satisfies the above equation can be

ux

x
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uz

z

z

0

0
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x

0

(4)

These two potentials have to abide by the following relations due to the upper and
lower free surfaces:
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1
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Where cl and ct are the longitudinal and shear/transverse modes velocities,
respectively. They are defined as:
(7)

cl

(8)

ct

2.1.3. The plate displacement solution
With the previously mentioned governing equations and conditions, the solutions
for the potentials take the form:

( A cosh qz B sinh qz )e

ikx

(C cosh sz D sinh sz )e

ikx

(9)

A, B, C and D are arbitrary coefficients to be solved for. These depend on which
type of Lamb wave (symmetric or anti-symmetric) and the boundary conditions. Two
parameters q and s are defined as:

q
s

2

2

k

2

k

2

2

cl 2
2

(10)

ct 2

Some necessary boundary conditions for the plate, assuming an infinite plate:

zz

0

xz

0

at z = h

(11)

(11) and equations (2), (4) and (9),
the following relation for anti-symmetric Lamb wave can be obtained:

(k 2

s 2 ) 2 sinh qh cosh sh 4k 2 qs cosh qh sinh sh 0
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(12)

The frequency dependent wave number k can be determined from solving equation
(12) using a numerical solver. The rationale for choosing the anti-symmetric mode (flexural
in some literature) is for its low attenuation in materials and it has a smaller wavelength
therefore more sensitive to small damage (Matt and Scalea, 2007).

Figure 3. Wave length and wave number as a function of frequency in the plate

2.1.4. Strain function solution
The classical Lamb wave in-plane displacement, i.e., A0 wave, can be expressed by
(Lamb, 1917; Viktorov, 1967; Matt and Scalea, 2007).

ux

Bk (

sinh qz
cosh qh

2qs sinh sz i ( kx '
)e
k s 2 cosh sh
2

10

t

2

)

(13)

Here, B is an arbitrary coefficient for wave magnitude, h is the plate half thickness,
k is the wave number and
wit

is the angular frequency. From equation (13) the derivative

can be taken at the surface of the plate material (i.e., z = h) to obtain the

strain (Matt and Scalea, 2007):

x'x' z h

ux '
x'

iBk 2 tanh qh
z h

i ( kx '
2qs
tanh qh e
2
k s
2

t

2

)

(14)

This strain is also assumed to take place in the PZT fiber. This occurs because it is
assumed that the fiber is perfectly bonded on the surface of the plate. Additionally, any
shear lag effects are neglected in the analysis. In the next section, piezoelectricity is
discussed before the derived strain solution is applied to the PZT fiber model.

2.2.

Relating Lamb wave solution to PZT fiber

Piezoelectricity was originally discovered by Pier
prefix, in Greek, is meant to press or

squeeze (Su and Ye, 2009). This phenomenon,

called the direct piezoelectric effect, is where a material generates an electric field when
mechanical stress is applied. The piezoelectric effect goes both ways. The converse
piezoelectric effect is the occurrence of deformation when an electrical field is applied to
a material. The topic of piezoelectricity remained of only academic interests until World
War I, where it was discovered that the direct and converse piezoelectric effect can be used
in submarines as hydrophones to detect and locate naval vessels. From then the number of
applications that use piezoelectric materials increased exponentially (Su & Ye, 2009).
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2.2.1. PZT sensors background
PZT stands for Lead-Zirconate-Titanate (Pb[ZrxTi

]O3). It is among the many

piezoelectric materials commercially available for use in generating and sensing vibrations.
PZT is a solid solution of lead zirconate and lead titanate. Unlike quartz and other
piezoelectric crystals, where geometry of the transducer must accommodate the underlying
crystal structure, PZT can be formed into many different shapes to accommodate its
applications.
Most piezoelectric sensors in the SHM space utilize the d31 effect of the
piezoelectric element. Earlier works have used PZT wafers as sensors in an array
configuration to detect cracks (Giurgiutiu, 2007). Macro-Fiber composite (MFC) was also
used as a sensor and actuator of acoustic signals. There has been documented success by
Matt & Scalea (2007) and Kijanka, et al. (2014) in locating acoustic sources and estimating
damage location.

2.2.2. PZT fiber as an alternative
As mentioned before, the use of the d33 effect of the PZT element is explored in this
thesis. One reason for utilizing the d33 effect is due to the magnitude of the d33 coefficient
is generally greater than that of the d31. Another reason for the d33 effect can potentially be
an alternative is that d33 could be easier to model due to it being in the same direction as
the strain being measured. The fiber has a very large length to width ratio. A onedimensional approximation can be used to describe the behavior of the fiber. The biggest
difference of the fiber-based approach from the current works is the polarity axis of the
PZT element in the sensor is parallel to the material surface. The majority of other PZT
sensors have polarity normal to the material surface.
12

Figure 4. Schematic of a PZT fiber rosette for Lamb wave sensing

2.2.3. PZT sensor model
Figure 4 shows the proposed PZT fiber rosette system when interacting with a
Lamb wave. Note that only top view is shown to illustrate the overall configuration for a
PZT fiber rosette to sense Lamb wave propagation. The global coordinate system of a plate
structure is denoted by the x-

-

introduced to demonstrate the Lamb wave propagation direction, which is oriented at angle
relative to the global coordinate. A numerical coordinate system is employed in the PZT
fiber. The piezoelectric constitutive model is given below by applying one-dimensional
assumption for PZT fiber (IEEE, 1987; Ikeda, 1990)

D3

33

E3 d31

Here, D3 is the electric displacement.

11

33

d32

22

d33

33

(15)

is the permittivity in the sensor material.

E3 is the electric field. d31 , d 32 and d33 are the piezoelectric constants. Note that each PZT
fiber is polarized along its length denoted by the 33 direction. In addition, uniaxial stress
and strain condition can be applied to the PZT fiber due to a line contact when mounted on
the surface of the structure.
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The terms can then be rearranged to obtain the expression of the electric field in the
fiber:

E3

D3 d 31

11

d32

22

d33

33

(16)

33

By applying electrical boundary conditions of the PZT fiber sensor (Sirohi and
Chopra, 2000), the total charge over the electrode area is zero, as shown below.

Ap

D3 dAp

0

(17)

For the PZT fiber, d31 is assumed to be equal to d32 because they are on the plane
normal to that of the polarization axis.

Figure 5. Fiber contact with the plate surface
11

which is normal to the surface of the plate, goes to zero. This is due to the

assumed boundary conditions in equation (11). Additionally,

22

is ignored, since the

fiber is assumed to make very limited width-wise contact to the plate, as illustrated in
Figure 5.
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With the assumptions made, equation (16) becomes:
d 33

E3

(18)

33

33

The voltage across the electrodes can be obtained from electric field:
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cos 2
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In the PZT ceramic media:
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1
iBk 2 tanh qh
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2qs
tanh qh e
2
k s
2

t

2
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(20)

The voltage now becomes:

V

d33
33

l

cos 2
0

i ( kx '
1
2qs
iBk 2 tanh qh
tanh qh e
E
2
2
s33
k s
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t

2

)

dx3

V

d33

1
2qs
iBk 2 tanh qh
tanh qh
E
2
s33
k s2

cos 2

33

l

e

i ( kx '

t

2

)
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0

Contracting the expression into a couple variables, let:
Bik 2
tanh qh
s33E

P

d 33

H

2qs
tanh qh
k s2
2

cos 2

33

Then the integration now looks like the following:
l

V

HP e

i ( kx '

t

2

)

dx3

(21)

0

A variable transformation is made between the wave coordinate and the fiber
coordinate:
x'

(22)

x3 cos

Then the integration becomes:
l

V

HP e

i ( kx3 cos

t

2

)

dx3

(23)

0

Evaluating the integral yields:

V

HP

2i
kl cos
sin
k cos
2

e

i t

(24)

Then take the voltage spectrum of the expression, which is the amplitude, and
eliminate the sinusoidal term ( e

i t

) to obtain:

V

HP

2
kl cos
sin
k cos
2
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(25)

Note that after integration, H and P are defined as the following:
d 33

H

cos 2

33

Bk 2
2qs
tanh qh
tanh qh
E
2
s33
k s2

P

This is due to the additional imaginary term generated from the definite integral.
With that, the voltage spectrum can be written in the form:
V
Where

33

S

SP

33

(26)

P , and

2H
kl cos
sin
k cos
2

S

S

d 33 cos 2
33

(27)

2
kl cos
sin
k cos
2

The expression in (27) is nonlinear, however it is possible to evaluate the terms in
the bracket at 0 degree. Then the expression is simplified to only a cos 2

S

S1cos 2

S

0

cos 2

function.
(28)

This linearized approximation is effective at wave frequencies lower than 400 kHz
for this specific length of fiber used in the experimental validation.
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2.3.

Frequency response and directivity

The main parameter to be optimized for the sensor is its length. As shown in Figure
6, the intensity of the fiber response changes as the frequency of the wave increases. It is
imperative that the size of the sensor remain small enough for it to be compatible with a
variety of frequencies. However, with the available resources for fabrication the sensor can
only be so small before it cannot be worked with the naked eye and hand tools.
Figure 6 shows the normalized sensitivity factor results under different frequencies
and angles of incidence of 0 and 45 degrees, in which the PZT fiber length is set as 10 mm
and its diameter as 0.8 mm. Table 1 shows the plate and PZT fiber properties. Note that the
sensitivity results in this study are normalized to demonstrate general trends. It is shown
that the sensitivity factor S varies with actuation frequency. At lower frequencies (below
200 kHz), the larger value of S is observed. However, as the incident angle changes from
0 to 45 degrees, corresponding responses decrease, which demonstrates good directional
properties of the PZT fiber. At higher frequencies, because the wavelength is comparable
to PZT fiber length, the directivity takes on a complicated shape. A few zero points are
observed due to the zero net charge in the PZT fiber. In summary, in order to effectively
sense Lamb wave propagation, a comprehensive investigation into the factors is needed.
This factors include actuation frequency, wavelength, and sensor material and dimension.
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2.3.1. Fiber responses under different frequencies

Figure 6. Fiber responses at different frequencies.

Table 1. Sensor and plate material properties

Property

PZT Fiber

Plate

Material
Density (kg/ m3)
Length (mm)
Thickness (mm)
Elastic modulus (GPa)
Piezoelectric constant d33 (10-12C/V)
Compliance, s33E (pm2/N)

PZT-5A1
7800
10

Aluminum
2700

Piezoelectric permittivity,

33

1.56
70
440
20.7
18.50

(nF/m)
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2.3.2. Directivity
Figure 7-10 shows the sensitivity results when varying actuation frequency from
25 kHz to 100 kHz, and PZT fiber sensor length. In order to better illustrate the sensor
sizing effects on Lamb wave sensing, three cases were included, in which PZT sensor
length is equal to 10mm, to wavelength, and to half the wavelength. The polar plot was
adopted to show directional responses. As expected, a peanut like shape was obtained at
each frequency. Higher sensitivity values are observed when the Lamb wave propagation
direction is in-line with PZT fiber orientation (e.g., at 0 or 180 degrees). When the
wavelength is equal to or smaller than the PZT fiber sensor length in each case, the polar
response becomes complex (no longer the peanut shape). The maximum value is obtained
when the PZT fiber length is equal to the half wavelength in all cases.

Figure 7. Fiber directivity at 25 kHz
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Figure 8. Fiber directivity at 50 kHz

Figure 9. Fiber directivity at 75 kHz
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Figure 10. Fiber directivity at 100 kHz
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2.3.3. Algorithm to locate acoustic source

Figure 11. A visualization of the rosette and an incoming Lamb wave

From the previous analysis of the PZT fiber in equation (28), the voltage in the fiber
is a cosine-squared function:

S

S1cos2

When applied to a rosette of three fiber, a transformation matrix same as that of a
strain-gauge rosette can be applied to transform that strain. This allows for the calculation
of the principal strain angle.
Consider a rosette with three fibers A, B, and C arranged in the rosette in Figure
11. That will be subjected to an anti-symmetric lamb wave actuation. Assume that the wave
property allows for the fibers to be ideal strain

. The Voltages in each fiber

of the sensor can be written as:
A

VA

S (0)

xx

VB

S (0)

xx

VC

S (0)
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B
C
xx

(29)

Since all voltage responses share the same sensitivity term, three plane strain
components, i.e.,

xx

,

yy

and

xy

, can be determined as shown below.

VA
S (0)
VB
S (0)
VC
S (0)

xx

[T ]

yy

1

xy

(30)

The transformation matrix T is:

[T ]

A

,

B

, and

principal strain angle

C

cos2
cos2
cos2

sin 2
sin 2
sin 2

A
B
C

sin
sin
sin

A
B
C

cos
B cos
C cos
A

A
B

(31)

C

are the angle of the fibers relative to the x-axis. Finally, the
can be solved in order to determine the incoming Lamb wave

propagation direction.

xy

tan 2
xx
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(32)
yy

CHAPTER 3
PZT FIBER ROSETTE FABRICATION
Figure 12a shows raw PZT fibers manufactured by Smart Material Corp. (Part No:
A15A1-80150S, PZT5A type), which are spaghetti-like rods. These PZT rods are not
polarized and are not electroded. Each PZT fiber has a length of 150mm and its diameter
is 0.8mm. Significant efforts were devoted to conduct in-house polarization for these PZT
fibers. The following sections will discuss the preparation of PZT fiber, PZT fiber
polarization & testing, and design and fabrication of PZT fiber rosette.

3.1.

Preparation of PZT fiber

(a) COTS raw PZT fibers

(b) Cutting PZT

(c) PZT fiber sanding

(d) Polarity marking

Figure 12. PZT fiber preparation
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The preparation procedure is outlined below:
Wear approved eye protection (ANSI Z87.1 compliance).
Gather necessary tools:
Full length PZT fiber (~800 microns).
X-acto knife.
Length block.
Calipers.
New sandpaper strip (300 grit).
(Optional) Magnifying glass.
Tape the sandpaper strip down.
With the length block, cut the PZT fibers into 9.5mm -10 mm long segments. These
freshly cut segments will have slanted edges due to the brittleness of the fiber.
The length block can be replaced with a ruler or calipers to gauge the length,
however, the block has been made so that its length is 9.66 mm. This has
been shown to reduce errors keep fibers as consistent in length as possible.
Make sure that the fibers is longer than 9.5 as sanding will significantly
reduce its length.
Sand away the sharp edges on the fibers:
It is suggested to use your bare fingers and hold on to two PZTs of the
similar, raw-cut, lengths.
Avoid over bending or axially
compressing the fiber to prevent buckling the fiber.
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Use the length block to check the length of the fiber. The goal here is
to match the length of the block (9.5 mm).
Discard fibers that are too short.
After the fibers are cut and sanded. Use the Sharpie® marker (or any black
permanent markers) and color one end of the fiber. This will indicate the positive
end once it is polarized.

3.2. Polarization
After the PZT fibers are prepared as discussed in the previous section. They will be
assembled into the polarization apparatus. The apparatus have its positive and negative
electrodes connected to a high voltage DC power supply (Model AU-20p7.5 from
Matsusada Precision, Dallas, TX). Polarization is done inside a container with silicone oil
(i.e., dielectric media) as shown in Figure 13c. Key steps are shown below:
The voltage is increased at a gradual rate. It should take 3-5 minutes to go from no
voltage to 20kV between the PZT ends.
Per instruction provided by Smart Material Corp., Apply 2kV/mm field at room
temperature for 15 minutes.
A similar, but slightly shorter rate is applied when it is time to remove the PZT
fibers.
After polarizing, the fibers are bagged and information about the date they were
polarized and the diameter of the fiber is recorded on the bag.
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(a) Assembly into rack

(b) Removal of air bubbles

(c) PZT polarization apparatus
Figure 13. Polarization process

3.3. Batch testing
Before the polarized fibers can be used for any applications in the lab, there must
be confidence that the fibers are going to produce good piezoelectric responses. In order to
verify that, a test procedure was developed to verify the quality of the fibers. Listed below
are the key procedural steps to conduct a PZT fiber quality test:
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(a) A PZT fiber sample on a test beam

(b) Input signal

(c) Output signal

(d) The beam undergoing natural oscillation

Figure 14. PZT fiber batch test
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1.

A fiber from the batch is picked at random to be tested.

2.

A thin (18-20 gauge) aluminum beam is selected. The general dimension is

3.

The beam will be clamped to a shaker. Therefore, it is necessary to reserve

a 1-

the beam for clamping.

a. The PZT element will need to be positioned as close to the clamp as possible. This
is to maximize the axial strain induced.
b.The PZT fiber is going to be oriented parallel to the length of the beam
4.

Apply a piece of Kapton tape to the intended area.

5.

These shall act as

electrodes for the PZT.
6.

Apply the copper shims over the Kapton. Use super glue as the adhesive.

7.

Apply the PZT fiber over the copper shims. Use a small drop of super glue.

Wait for the glue to solidify and cure before moving on to the next step.
8.

Solder wires to the shims. These wires are going to be electrical leads that

will interact with oscilloscope clamps. These should be thin wires but do not need
to be long
9.

With an X-acto knife, shave the outer layers of the ends of the PZT fiber to

ensure exposure to the
10.

Apply conductive silver paints to the ends of the PZT elements.

Be careful as the paint could be overfilled.
After the conductive paints have dried and the glue has more time to cure. The beam is
ready for the shaker.
11. Prepare the shake in accordance to the installation manual by the manufacturer.
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12. Attach the beam to the clamp.
13. Attach the oscilloscope leads to the wires soldered to the beam.
14. While keeping the same amplitude, proceed with the lowest frequency (0 Hz) and
tune it so that the beam oscillates at its first natural frequency.
15. Check the oscilloscope and check the signal generated by the PZT.
To Qualify or disqualify the batch a few criteria are chosen. The bath is qualified if the
signal has all of the following characteristics:
The signal resembles a sine wave.
The signal has the same frequency as the input to the shaker table.
The signal has a peak-to-peak amplitude of 4 or more volts.
Each batch is formed from a fiber and is assumed to have the same diameter
throughout with negligible variations. Shortly after the polarizing method was introduced,
each batch is inspected. However, after the operators have more familiarity with the
system, only every other batch was subject to this test.
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3.4. The rosette

(a) Top view of the rosette

(b) Bottom view of the rosette

(d) Final assembly

(c) Cover layer
Figure 15. PZT rosette

Analogous to a typical strain gage rosette, the PZT fiber rosette is designed based
on the flexible circuit concept. First a flexible circuit layer was used to print electrical paths
and interface to output measured voltage signals from three PZT fibers. Then, a plastic
plate was employed to house three PZT fibers oriented in 0, 45, and 90 degrees direction,
respectively and it was bonded to the flexible circuit layer. Finally, a top cover layer was
applied to protect PZT fibers. The PZT rosette was manufactured by Tech-Etch (Plymouth,
MA). Its footprint is approximately 15 mm by 15 mm. Figure 6 shows the PZT fiber rosette
prototype. The flexible circuit layer is shown in Figure 15b (in yellow color). The plastic
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plate to house three PZT fibers is shown in Figure 15a (in black color). The top cover layer
is shown in Figure 15c. Key steps to assemble the rosette are outlined below:
Solder wires to the electric interface in on the flexible layer.
Lay PZT fibers in each slot and ensure electrical conductivity between fiber ends
to printed electrical paths.
Bond cover layer on the top. A fully assembled PZT fiber rosette is shown in Figure
15d.
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CHAPTER 4
EXPERIMENTAL SETUP
In order to evaluate the PZT fiber rosette performance in terms of Lamb wave
sensing and acoustic source localization, an aluminum plate (24 x24 x1/16 in) were used
to conduct the test as shown in Figure 16, in which a grid of 2- inch squares was drawn for
easy indication of locations. Two PZT fiber rosettes were bonded on the surface of the
-5H circular disks (0.25 in diameter)
were bonded on both sides of the plate in order to generate anti-symmetric bending waves

Figure 16. Aluminum plate with PZT fiber rosettes and actuators
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In the experimental validation 4 cases of sensor-actuator combination are tested:
Actuator A1:
Use Sensor K1 (Case 1) and K2 (Case 2) to sense the wave from actuator
A1
Actuator A2:
Use Sensor K1 (Case 3) and K2 (Case 4) to sense the wave from actuator
A2
In each case, the frequency is varied from 25 kHz to 95 kHz in steps increment of
10 kHz. In every frequency, there are 3 sets of data from each fiber component. Overall,
there are 4 cases of sensor-actuator combination, 7 frequencies for each case and in each
frequency there are 3 data sets. All of which would result in angles computed as a function
of frequency.
The LabVIEW program and a National Instruments Data Acquisition System
(DAQ) (NI USB 6366) was employed in our test. First, a five-cycle Hanning windowed
sine wave was generated in the DAQ. Then, the signal was amplified in order to drive the
PZT actuator. Actuation frequency is varied from 25 kHz to 95 kHz at increments of 10
kHz. Voltage responses were collected accordingly in each case.
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Figure 17. Hanning window used in the signal generation

Figure 18. Signal generation scheme

The signal generated by the rosette is fed to the LabVIEW input terminal. There is

The sampling frequency is set at 1 million samples per second for all data collecting set
ups.
The data collection is done over the multiple pulse and sense cycles. In Figure 17,
it is shown that each cycle produces very rough data. This can be attributed to noise in the
laboratory due to its proximity with the nearby machines shop and material lab. Every setup
has 300 actuating-sensing cycle.The same DAQ samples the data and then LabVIEW write
it in a .csv file. This file contains only the raw voltages collected. Further data interpretation
is done with MATLAB Scripts.
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As described in the previous sections, many of the manufacturing steps are done
in-house with limited resources for quality control. It is important to mention that there
were many rosettes built, with unknown varying degrees of quality. However, for some
rosettes, when the tests are ran, they exhibit responses that do not make sense for an
acoustic sensor. In our judgment, anomalies in the rosettes are indicative of inherent
imperfections from the fabrication process. These rosettes and their signals were discarded.
The results presented are of those rosettes that did yield expected signals, which is an initial
pulse then comes the reflections from free edges.
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CHAPTER 5
RESULTS
In this chapter, first, data processing schemes are proposed to extract required
voltage measurements in order to locate acoustic sources using Lamb wave responses.
Then, collected voltage responses are presented under different actuation conditions and
sensors. Finally, acoustic source angle predictions are discussed.

5.1. Data processing scheme
5.1.1. Data truncation

(a). Collected time domain voltage data

(b) Instantenous response

Figure 19. Voltage data processing

Figure 19a shows typical voltage data collected by a PZT fiber, which contains
instantaneous responses and reflections from boundary conditions. As illustrated, the
instantaneous Lamb wave response can be identified to conduct the acoustic source angle
calculations. Since the actuation signal is a hanning windowed 5-cycled sinusoidal wave,
the same characteristics appear in the collected sensor responses as shown in Figure 19b.
Two methods were adopted to determine voltage results in each PZT fiber in order
to calculate the principal strain direction as discussed in Chapter 2. The first method is to
obtain voltage values using the time domain data. The second approach is to explore the
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voltage amplitudes in the frequency domain by conducting a Fast Fourier Transformation
(FFT).

5.1.2. Time domain method
In the time domain method, three voltage values are determined by examining the
maximum value among three PZT fiber voltage responses. As shown in Figure 20, the
maximum value among three PZT fibers (0o, 45o, or 90o) is selected and the same index is
applied to the rest two PZT fibers. Finally, these three voltage values are identified to form
the voltage vector in order to calculate the angle of the acoustic source under each actuation
frequency.

Figure 20. Time domain method
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5.1.3. Frequency domain method
The second method is to select three voltage values in the frequency domain Figure
21 shows the voltage responses after a FFT. Similar to the time domain method, three
voltage values can be determined accordingly.

Figure 21. Frequency domain method
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5.2. Case 1: sensor S1 and actuator A1
Collected signals from each PZT fiber in the rosette system are shown in Figure 22Figure 29 under different actuation frequencies. Clearly, the signal starts with the
instantaneous response similar to the actuation source. Then, reflections from all edges are
observed. Finally, the magnitude of reflections decays due to damping in the structures. In
summary, the PZT rosette shows its capability for Lamb wave sensing.
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 22. Case 1 at 25 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 23. Case 1 at 35 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 24. Case 1 at 45 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 25. Case 1 at 55 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 26. Case 1 at 65 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 27. Case 1 at 75 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 28. Case 1 at 65 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 29. Case 1 at 95 kHz
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Figure 30 shows the actual locations for acoustic source (actuator) and sensor.
Actual acoustic source angle calculated accordingly. Voltage vectors are needed for each
actuation frequency in order to calculate such angle using Lamb wave responses.
MATLAB scripts were generated to conduct the computation as shown in Appendix.
Figure 31 shows the calculated angle under different frequencies using both time domain
and frequency domain methods. It is shown that correct direction can be identified but
there is a slightly larger error in the angle value. Further review of signal processing is
needed.

Figure 30. Actual view of sensor and actuator

50

Figure 31. Calculated source angles in case 1
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5.3. Case 2, sensor S2 and actuator A1
Similar to the case 1, two samples of voltage responses are shown in Figure 32 and Figure
33 under 45 kHz and 95 kHz frequency, respectively. Acoustic angle source results are
shown in Figure 35. Good agreement is observed when the time domain method is applied.

(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 32. Case 2 at 45 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 33. Case 2 at 95 kHz
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Figure 34. Actual view of sensor and actuator

Figure 35. Calculated source angles in case 2
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5.4. Case 3, sensor S1 and actuator A2
Similarly, collected voltage responses are shown in Figure 36-Figure 37 under selected
actuation frequency. Acoustic source angle plot is shown in Figure 39.

(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 36. Case 3 at 45 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 37. Case 3 at 95 kHz
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Figure 38. Actual view of sensor and actuator

Figure 39. Calculated source angles in case 3
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5.5. Case 4, sensor S2 and actuator A2
Lastly, collected voltage responses are shown in Figure 40-Figure 41 under selected
actuation frequency. Calculated acoustic source angle plot is shown in Figure 44.

(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 40. Case 4 at 45 kHz
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(a) 0 degree fiber

(b) 45 degree fiber

(c) 90 degree fiber
Figure 41. Case 4 at 95 kHz
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Figure 42. Actual view of sensor and actuator

Figure 43. Calculated source angles in case 4
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Table 2. Average error for each case and method

Case 1

Case 2

Case 3

Case 4

Time Domain Errors [Deg.]

11.6

1.8

5.8

23.0

Frequency Domain Errors [Deg.]

6.4

19.7

6.5

19.4

The average errors in each case are presented in Table 2. There are some variations
compared between different cases. But in all cases, the direction of acoustic source is
clearly identified. Angle predictions can be improved by exploring other algorithms. It
must be emphasized that a slightly misalignment during instrumentation could contribute
significantly to these angle calculations. In addition, quality control of these in-house
polarized PZT fibers could be the cause. Some uncertainties includes: the variation in each
PZT fiber, polarization, electrode conditions, and adhesive inconsistency. These
uncertainties could affect the sensing capability of the PZT fiber rosette.
At lower frequencies (25 and 35 kHz), the prediction has a higher variation
however, at high frequencies, the angle results are more consistent. As discussed in section
2.3.1., the PZT fiber length is small in comparison to the wavelength in each frequency.
But, the results indicate that higher actuation frequencies result in better accuracy and
consistency. In summary, this is the first attempt to explore the d33 effects in PZT fibers.
Refinements are expected to enhance the performance of the proposed PZT fiber rosette in
SHM applications.
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CHAPTER 6
CONCLUSION AND FUTURE WORKS
A PZT fiber rosette concept was proposed and prototyped in this thesis, which is
an alternative cost effective sensor solution to array systems for Lamb wave sensing. The
performance of the proposed PZT fiber rosette was successfully demonstrated in terms of
sensing capability and acoustic source localization. Key remarks are shown below:
A PZT fiber shows a good directional property due to the d33 effect as
demonstrated both analytically and experimentally.
A simple algorithm was employed to calculate the principal strain direction
in order to locate acoustic sources in Lamb wave based SHM applications.
In-house PZT fiber polarization was conducted and associated apparatus
was demonstrated.
A PZT fiber rosette was designed and prototyped, which can be assembled
easily to benefit future research efforts.
Voltage signals were successfully collected using PZT fiber rosettes under
different actuation frequencies ranging from 25 kHz to 95 kHz.
These collected voltage data allow us to successfully locate acoustic sources
under different sensor and actuator configurations.
With further refinement of the fiber design, fabrication, calibration and quality
control, the fiber and subsequently the rosette sensors can yield better performance in terms
of accuracy and longevity. Some of the improvements that can result sensor improvements
are:
A better method to cut and control the length of the fiber.
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Increasing the consistency and longevity of the electrodes.
Less adhesives between the fiber and the surface of the material.
Firing the fibers to maximize the piezoelectric effect.
For different applications, a different, more fitting fiber arrangement could
be used, as shown in Figure 44.
Improving the polarization process.
A different algorithm with more advanced analysis techniques can also be
implemented in the experiment compared to the current signal processing approach in
which the signal was truncated and maximum values in the time domain were selected. The
use of a more sophisticated signal analysis algorithm could prove useful in the digital
filtering of any noise and improvement in the accuracy of acoustic source location.

Figure 44. Some examples of rosette setups
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APPENDIX
1. Export of .csv file into MATLAB data file:
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2.

Calculation of the acoustic source angle
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3.

Wave number calculation
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4. Plotting of the sensitivity factor as a function of angle of incidence
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5. Plotting of PZT response as a function of the wave frequency
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